INTRODUCTION
The health benefits of adequate vitamin D levels in the blood include better bone health, and possibly a reduced incidence of cardiovascular disease, hypertension, type I diabetes, cancer, and infections. 1 Insufficient vitamin D causes softening of bones (osteomalacia) in adults and rickets in children. The source of approximately 90% of vitamin D in humans is exposure to sunlight; 2 however, dietary vitamin D intake also contributes. 1, 3 Serum 25(OH)D is the most commonly used laboratory measure of vitamin D status. 4 Deficiency at any age is defined as mild with a serum 25(OH)D level of 30-49 nmol/L, moderate with a level of 12.5-29 nmol/L, and severe with a level below 12.5 nmol/L. 5 Despite the abundance of sunlight in Australia, a recent study indicated that approximately one third of all Australian adults have serum 25(OH)D levels below 50 nmol/L. 6 In another study of children living in Tasmania, the southernmost Australian State, approximately 8% of 8-year olds and 68% of 16-year olds had levels below 50 nmol/L during winter and spring. 7 Vitamin D deficiency is a problem that affects all stages of human growth and development;
however, simply increasing sun exposure is not straightforward since high ultra-violet (UV) radiation exposure is a potential risk factor for skin cancer. So it is important to understand the impact of UV exposure on serum 25(OH)D levels. This is particularly important in children because of bodily demands for vitamin D for skeletal growth and development, 8, 9 and their increased susceptibility to pre-cancerous cellular change with solar UV exposure. 10 Many factors may affect the amount of serum 25(OH)D production from exposure to sunlight, including: age, amount of skin exposed, 2 BMI, 11 latitude, season, time of day, use of sunscreen, skin pigmentation, 12 air pollution, ozone and cloud cover. 13, 14 To date, studies examining the effects of UV exposure on serum 25(OH)D production have focussed primarily on adults, [15] [16] [17] and there have been few studies of the impact of UV exposure on serum 25(OH)D production in young children; [18] [19] [20] [21] none has assessed this association among children living in areas of very high solar irradiation. The current study aims to address this gap by determining the period of exposure prior to blood sampling that affects serum 25(OH)D levels in healthy young children living in Perth, Western Australia.
MATERIALS AND METHODS
A cross-sectional study of nutritional factors and DNA damage in children was conducted in Perth, Western Australia between 2009 and 2011. Healthy children aged three, six and nine years were recruited through childcare centres, schools and community-based advertisements.
Letters, consent forms and reply-paid envelopes were given to parents; parents returned the consent forms directly to the research team if they wanted to take part. Children with asthma, diabetes, cancer, arthritis or epilepsy were not eligible to take part in the study. Parents of In Australia, the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA)
provides a standardised daily measure of ambient UV irradiance at a number of locations expressed in terms of standard erythemal doses (SEDs). 22 One standard erythemal dose is defined by Ravnbak and Wulf 23 as "the UV dose that elicits just perceptible erythema in the most sensitive people in a group of very sun-sensitive but otherwise healthy individuals. One SED is defined as 100 J/m2 at 298 nm using the CIE erythema action spectrum". We obtained ARPANSA ambient UV data for the 8-hour period from 9am to 5pm for each day from 1st January 2009 to 31st July 2011. We estimated the daily erythemal UV exposure for each child as follows: Likelihood ratio tests were used to sequentially compare the nested models. The models assume that the error terms are normally and independently distributed with zero mean and constant variance. The response data (y in the above equation) were transformed before analysis using the logarithmic transformation and scatter plots, histograms and normal probability plots of the residuals were examined to verify that the model assumptions were met. The data were analysed using R.
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RESULTS
Data on serum 25(OH)D levels were available for 461 of the 464 children. The average heights and weights of the children were close to the CDC 50 th centiles for age and sex (Table   1 ). Household income and parental education were higher than in the general Australian population. Regarding household income, 53% of study children lived in households with >$100,000 income per year, compared with 13% of children in the Australian population.
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Regarding parental education, 71% of children had at least one parent with a tertiary education, while 43% of Australian adults had a tertiary education. 26 Nearly 75% of children had at least 3 grandparents of Northern European descent, and therefore considered to be of 'mostly European' ancestry. Correspondingly, some 85% of parents said their child would get some degree of sunburn if exposed to sun for 30 mins for the first time in summer. Mean values for serum 25(OH)D levels varied little by sex or age when considered in combination with their associated standard deviations (Table 1) EWUV varied most between subjects in autumn, summer and spring, and least in winter.
This can be seen by comparing the boxplots in Fig 1 relating to the first week before blood collection for each of the seasons. Note that for blood collected in a given season, this first week is not necessarily the same calendar week for each child. In addition, as the number of weeks before blood collection increases, the relevant week of sun exposure may not fall in the same season as that of blood collection.
On average, children spent between 2 and 4 hours outdoors per day throughout the year, with least variability among children seen for school days and weekends during summer (Fig 2) .
On average, sun protection was reported to have been used most of the time spent outdoors, regardless of season or type of day (Fig 3) . The greatest variability in sun protection use was in spring and winter.
Serum 25(OH)D was found to be best modelled by a linear function of age, sex, Blood
Season, EWUV during each of the first two weeks before blood collection, and the interaction between Blood Season and EWUV for these weeks. Details of the fitted model are presented in Table 2 . This model accounts for approximately 15% of the total variability in the serum 25(OH)D levels among children in this study.
Serum 25(OH)D was positively associated with age and, on average, levels were lower among females than males. No association was seen between BMI z-score and serum 25(OH)D, and there were no significant interactions of age or sex with any of the other variables included in the initial models.
After adjustment for age and sex, the EWUV that best predicted serum 25(OH)D levels was dependent on the Blood Season (Fig 4) . For blood taken in either autumn, summer or spring, EWUV in the week before blood collection best predicted serum 25(OH)D level. However, for blood taken in winter, EWUV during the 2 weeks before blood collection gave the best predictions. Several of our findings replicate those of previous studies. Rockell, et al. 21 found that, in a national sample of New Zealand children aged 5-14 years, serum vitamin D concentrations were higher in summer than in winter. Sentongo, et al. 27 found that among children with
DISCUSSION
Crohn's disease, serum vitamin D was higher in autumn than in winter. Misra et al 28 state in a review article that "children of all ages are more susceptible to low vitamin D levels during winter compared to the summer months" (p407).
Seasonal variation in serum vitamin D may be related to both the prevailing climatic conditions and clothing cover during the weeks leading up to blood collection. Since the questions regarding clothing cover were specifically asked in relation to sun protection, parents may have inadvertently underestimated their children's sun protection during late autumn and winter, when clothing is worn mainly for warmth. If this occurred, the calculated EWUV would overestimate the actual UV dose received in winter. As a result, it may be that more than two weeks of UV exposure (as suggested by our modelling) would best predict children's blood vitamin D levels during winter. Our finding of more accurate estimation of vitamin D levels with 2 weeks of sun exposure only in winter could also be related to an increase during late autumn and winter of intra-individual variation in time spent outside and UV exposure, thus indicating that more weeks of exposure are necessary to obtain a stable estimate of serum 25(OH)D. 29 Comparable studies of adults have suggested that serum 25(OH)D levels were best predicted by the 4-8 weeks of UV exposure prior to blood collection. [30] [31] [32] [33] Our findings may therefore suggest that vitamin D produced from UV exposure is utilised in the bodies of young children more quickly than it is in adults. This may be explained by the greater need for vitamin D in younger bodies for the development and maintenance of bone and muscle tissue. 34, 35 So, more consistent weekly sun exposure may be required in young children than in adults to maintain adequate 25(OH)D levels in the blood, particularly given their smaller body surface area.
There was no evidence of an association between BMI and serum vitamin D levels among children in this study. This differs from previous studies of both adults and children. BMI was found to be inversely associated with serum 25(OH)D levels in many studies worldwide: Malaysian school boys aged 7-12 years; 36 adults from a private clinic in Norway which specialises in weight loss counselling and obesity related disorders; 37 Spanish school children aged 9-13 years; 38 obese but otherwise healthy children and adolescents aged between 6 and 18 years from USA; 39 and healthy children below 16 years from Qatar. 40 One possible explanation for our findings is that very few children in our study were overweight or obese. 41 Similarly, neither ethnicity nor skin sensitivity to the sun was found in this study to be associated with serum 25(OH)D levels, in contrast to a study which found that increased skin pigmentation reduces vitamin D synthesis. 42 However, as most of our study children were of European ethnicity, variation in skin pigmentation was likely to have been comparatively low. Furthermore, UV exposure for most of the 461 children was plentiful, with fewer than 10% of children having serum vitamin D levels less than 50 nmol/L (data not shown in tables). This is comparable with the Tasmanian study in which 8% of eight-year-olds had levels below 50 nmol/L, 7 despite the difference in latitudes (Perth ~ 31.5 degrees S; Tasmania ~ 41.5 -43.5 degrees S).
Along with the strength and abundance of Western Australian sunshine, the characteristics of children in this study may limit generalisation of our findings to European populations living in similar climatic conditions. Since this appears to be the first study on the effects of erythemal UV exposure on serum 25(OH)D levels in young children, confirmatory studies are needed before conclusions regarding their public health significance can be drawn. 
